Abstract. The cancer-testis (CT) family of antigens are expressed in multiple types of malignant neoplasm and are silent in normal tissues, apart from the testis. Immunotherapy targeting CT antigens is a promising therapeutic strategy for treatment of solid tumors. One member of this family, melanoma-associated antigen A4 (MAGE-A4), has been demonstrated to be expressed in melanomas and lung cancer. Patients with tumors expressing the MAGE-A4 antigen exhibit specific cellular and humoral immune responses to the antigen, resulting in a favorable prognosis. Conversely, the expression of MAGE-A4 is associated with poor survival in lung cancer. Myeloid-derived suppressor cells (MDSCs) are a heterogeneous population of immunosuppressive cells, which are upregulated in the cancer microenvironment. Little is known regarding any potential correlation between the expression of MAGE-A4 antigens and the accumulation of MDSCs. The present study aimed to examine the association between circulating MDSC levels and MAGE-A4 expression in a mouse model of Lewis lung cancer. The expression of MAGE-A4 in tumor cells or tissues was evaluated using western blotting, while the percentage of MDSCs (CD11b + Gr-1 + ) in the blood was detected by flow cytometry. In addition, the suppressive capacity of MDSCs and the effectiveness of MDSC depletion were assessed in C57BL/6 tumor-bearing mice. MDSCs were demonstrated to upregulate MAGE-A4 expression via the phosphosphorylated-signal transducer and activator of transcription 3 705 pathway, while depletion of MDSCs decreased the tumor growth rate, prolonged median survival and enhanced the recognition of MAGE-A4 by CD8 + T cells. These findings indicated that immunotherapeutic strategies involving induction of cytotoxic T lymphocytes that target MAGE-A4, in combination with MDSC depletion, may be an effective approach to immunotherapy for cancer types with high expression of MAGE-A4.
Introduction
Lung cancer is the leading cause of cancer-associated mortality in China (1) . Despite advances in diagnostic and therapeutic modalities against lung cancer, there has been little improvement in patient prognostic outcomes. A clinical study identified immunotherapy as a potentially favorable alternative approach to the treatment of lung cancer (2) . A large number of tumor-associated antigens have been identified in various types of human cancer, including the cancer-testis (CT) antigens. CT antigens are of significant interest as they are expressed in a variety of malignant neoplasms, normal testis germ cells and the placenta, but not in other normal human tissues (3) . Melanoma-associated antigen A4 (MAGE-A4) is a CT antigen that has been reported to be expressed in melanomas, germ cell tumors, certain sarcomas and lung cancer (4) . Patients with MAGE-A4-expressing tumors are capable of exhibiting specific cellular and humoral immune responses to targeting MAGE-A4 (5). However, while an abundant infiltration of CD8 + T cells has frequently been reported to improve clinical outcomes (6) , increased tumor MAGE-A4 expression is associated with poor survival in patients with lung cancer (7, 8) . This likely results from the inhibition of tumor-specific immune responses in patients with cancer, and while a number of complex factors are implicated in this process (9) , myeloid-derived suppressor cells (MDSCs) have a prominent role (10, 11) . MDSCs are a heterogeneous group of pathologically activated immature myeloid cells and myeloid precursors that possess potent immunosuppressive activity (10) (11) (12) . MDSCs have been identified in the peripheral blood, lymphoid tissue and tumor tissue in a number of experimental mouse models (13) . Other studies have also demonstrated that MDSCs inhibit the effector
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function of T cells in tumor-bearing animals and patients with cancer (14, 15) . The association between infiltration of CD8 + T cells and increased tumor MAGE-A4 expression is not clear. Abundant infiltration of CD8 + T cells has frequently been reported to improve clinical outcomes. Clinical evidence also confirmed that MAGE-A4-expressing tumors are capable of exhibiting specific cellular and humoral immune responses to targeting MAGE-A4. However, increased tumor MAGE-A4 expression is associated with poor survival in patients with lung cancer (16) .
Therefore, the present study aimed to identify the reason behind this association. The expression of MAGE-A4 was evaluated and the number of circulating MDSC were determined in a mouse model of Lewis lung cancer (LLC), to aid the elucidation of the association between MDSCs and MAGE-A4.
Materials and methods
Cell lines and animals. The LLC tumor cell line was purchased from the American Type Culture Collection (ATCC ® CRL-1642™; Manassas, VA, USA) and maintained in the Department of Immunology, Peking Union Medical College and Chinese Academy of Medical Sciences (Beijing, China). The B16F10 melanoma control cells were provided by Dr Lieping Chin (Department of Immunology, School of Medicine, Yale University, New Haven, CT, USA) (17) . These murine tumor cells were maintained in Dulbecco's modified Eagle's medium/F12 medium containing 10% heated-inactivated fetal calf serum (FCS), 2 mM L-glutamine, 10 mM HEPES, penicillin (100 U/ml)-streptomycin (50 µg/ml) solution and 1% sodium pyruvate solution (Gibco Life Technologies, Carlsbad, CA, USA).
Female 6-8 week-old C57BL/6 mice (n=20) were obtained from the Experimental Animal Institute of Peking Union Medical College. Mice were subjected to a 12 h light/dark cycle and maintained in a specific pathogen-free environment at 18-23˚C with 40-60% humidity. Food and water were accessible at all times. All protocols involving animals used in the present study were approved by the Animal Research Ethics Committee of the Cancer Institute and Hospital, Peking Union Medical College and Chinese Academy of Medical Sciences (no. 20140002, Beijing, China).
In vivo depletion of MDSC. LLC tumor cells (1x10 6 ) were resuspended in 100 µl phosphate-buffered saline (PBS) and subcutaneously inoculated into the right flanks of four C57BL/6 mice. These LLC tumor-bearing mice were enrolled in the study when the primary tumor reached 4-8 mm in diameter. The monoclonal antibody (mAb) Gr-1 (RB6-8C5; 200 µg in 100 µl PBS; BioLegend, Inc., San Diego, CA, USA) was intraperitoneally administered on days 5, 10 and 15 to deplete MDSCs. Control LLC tumor-bearing mice (n=1) were treated with immunoglobulin G (rat IgG 2b ; BioLegend, Inc.). Tumor dimensions were measured two or three times per week with digital calipers (Cangzhou Yongkang Medical Devices Co., Ltd., Yongkang, China), and the tumor volume was calculated using the formula: Tumor volume (mm 3 ) = 0.52 x (length x width 2 ). Overall animal survival was monitored following conclusion of the treatment. Subsequently, mice were sacrificed 19 days after tumor cell inoculation, using carbon dioxide and tumor tissues were resected. A total of 5 mice were used per group, and all experiments were repeated twice. All experiments were conducted according to animal studies ethics committee guidelines.
Flow cytometric analysis. Cells from the bone marrow or spleen of LLC tumor-bearing mice were harvested 19 days after tumor cell inoculation, under sterile conditions. Single-cell suspensions were prepared, and red blood cells were removed using Tris lysis buffer (144 mM NH 4 For surface staining, murine leukocytes from heparinized whole tail blood (40 µl) collected on days 8 and 19 post-tumor challenge (n=4) were incubated with the following antibodies: Anti-CD45, anti-CD11b, anti-Gr-1, anti-CD8, anti-CD4 and anti-CD3 (BioLegend, Inc.), at a concentration of 0.2 µg Abs per 10 6 cells (100 µl) at 4˚C for 30 min, according to standard protocols (19) . Subsequently, 500 µl OptiLyse ® lysis solution (Beckman Coulter, Brea, CA, USA) was added to each tube and incubated at room temperature for 10 min. Following washing with PBS, the samples were subjected to flow cytometric analysis. Additional analysis was performed using FlowJo software (version 7.6.5; Tree Star, Inc., Ashland, OR, USA).
Cell proliferation assay. LLC cells were incubated with 5 µM 5,6-carboxyfluorescein diacetate succinimidyl ester (CFSE; Invitrogen Life Technologies, Carlsbad, CA, USA) at 37˚C for 10 min in serum-free media, and then washed in RPMI-1640 media containing 10% FCS (Gibco Life Technologies). CFSE-labeled cells were cultured in complete media with the addition of supernatant from MDSCs in 24-well plates (1 ml/well, complete media and supernatant ratio, 1:1). Following 30 h of incubation at 37˚C and 5% CO 2 , the number of cell divisions undertaken by LLC cells was determined by flow cytometry.
Immunoblot analysis. Protein was extracted from LLC tumor tissues from C57BL/6 tumor-bearing mice, as well as LLC and B16F10 tumor cells, and analyzed by western blotting. Briefly, tumor tissues from C57BL/6 mice were flash-frozen in liquid nitrogen immediately following collection, while LLC or B16F10 tumor cells were harvested and washed with PBS. Ground tumor tissues and LLC or B16F10 cells were then lysed in pre-chilled radioimmunoprecipitation assay lysis buffer (Thermo Fisher Scientific, Waltham, MA, USA) containing protease and phosphatase inhibitor cocktails (Roche Diagnostics, New Providence, NJ, USA). Following centrifugation at 10,000 x g for 15 min at 4˚C, the supernatant was removed and protein concentration determined using Coomassie brilliant blue G-250 (Sigma-Aldrich, St. Louis, MO, USA). Total protein (20 µg) was prepared for denaturing gel electrophoresis. For western blotting, proteins were separated on 12% SDS-PAGE gels (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and transferred onto Immobilon-FL polyvinylidene difluoride membranes (EMD Millipore, Billerica, MA, USA) using a wet transfer apparatus (Bio-Rad Laboratories, Inc.). Following transfer, the blots were rinsed in washing buffer [Tris-buffered saline with Tween-20 (TBST): 20 mM Tris base, 137 mM NaCl, 0.1% Tween-20, pH 7.6] and blocked in blocking buffer (5% non-fat dry milk in TBST; both from Bio-Rad Laboratories, Inc.) for 1 h at room temperature. Membranes were then washed in TBST and incubated with primary antibodies (1:1,000; Cell Signaling Technology, Inc., Danvers, MA, USA) diluted in TBST with 5% bovine serum albumin overnight at 4˚C. Subsequent washes in TBST were followed by incubation with secondary antibodies [goat anti-rabbit IgG-horseradish peroxidase (HRP), cat. no. 7074, or goat anti-mouse IgG-HRP, cat. no. 7076; 1:2,000; Cell Signaling Technology, Inc.] diluted in blocking buffer for 1 h at room temperature. Subsequently, the membranes were washed in TBST and the protein bands were visualized using an enhanced chemiluminescence western blotting system (GE Healthcare Life Sciences, Piscataway, NJ, USA). GAPDH and β-actin were used as internal controls for consistent protein loading. The following primary antibodies were used: Rabbit polyclonal MAGE-A4 antibody (AV54410), rabbit phosphorylated (p)-AKT 473 A total of ~5,000 target cells were acquired. The percentage of specific lysis was calculated in relation to the proportion of basal lysis in untreated cells using the following formula: Percentage of specific lysis = proportion of lysis per sample -proportion of basal lysis / (1 -proportion of basal lysis) x 100.
Statistical analysis. GraphPad Prism V (GraphPad Software Inc., La Jolla, CA, USA) was used for statistical analyses. Data are presented as the mean ± standard error of the mean, unless indicated otherwise. For comparisons between two groups, statistical analyses were performed using a Student's t-test, and P<0.05 was considered to indicate a statistically significant difference. Survival curves were estimated using the Kaplan-Meier method, and differences among these were evaluated using the log-rank test.
Results
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cancer , which highly expressed the CT antigen MAGE-A4, MAGE-A4 expression was first detected in LLC tumor cells. LLC tumor cells highly expressed the MAGE-A4 antigen, as did positive control B16F10 cells (Fig. 1A and B) . Subsequently, the number of MDSCs present in the blood of tumor-bearing animals at various stages of tumor development was determined by flow cytometry, and an increased MDSC population was identified in advanced tumors (Fig. 1C) .
To investigate the impact of MDSCs on MAGE-A4 expression, MDSCs were depleted in LLC tumor-bearing animals. Western blotting revealed that targeted depletion of MDSCs decreased MAGE-A4 expression in tumor-bearing mice. To elucidate the mechanism underlying how MDSCs enhanced MAGE-A4 expression in LLC tumor-bearing mice, p-AKT , t-STAT3, p-ERK1/2 and t-ERK1/2 expression were evaluated by western blotting. The results presented in Fig. 2A revealed that depletion of MDSCs significantly inhibited MAGE-A4 expression, and that this effect was associated with the p-AKT 473 and p-STAT3 705 pathways.
Depletion of MDSCs prolongs survival of mice bearing LLC tumors.
The survival of mice bearing LLC tumors following depletion of MDSCs was subsequently evaluated. Tumor masses did not generally decrease in size during the treatment period (Fig. 2B) . However, depletion of CD11b + Gr1 + cells conferred a significant survival advantage, with median survival of 68 days, whereas all control mice treated with control isotype IgG succumbed by day 50 (median survival, 41 days; Fig. 2C ). Although this result may be interpreted as indicating a lack of efficacy, acute increases in tumor size following immune therapy have frequently been attributed to the recruitment and infiltration of immune cells, rather than the progressive growth of cancer cells (20) .
Depletion of MDSCs enhances CD8
+ T cell accumulation. Administration of the mAb Gr-1 markedly reduced the percentage and number of circulating MDSCs in LLC tumor-bearing C57BL/6 mice (Fig. 3A) . The percentage of circulating CD4 + T cells increased ~2-fold (13.11±2.59 in control mice vs. 23.5±1.3 in RB6-8C5-treated mice; n=4 per group; P=0.053; Fig. 3B) ; however, this result was not statistically significant. Consistent with this trend, the percentage of circulating CD8 + T cells (Fig. 3C ) in RB6-8C5-treated mice increased ~2-fold when compared with that of untreated mice, and this result was statistically significant (7.63±1.23 in control mice vs. 17.15±1.25 in RB6-8C5-treated mice; n=4 per group; P=0.032).
MDSCs suppress the cytotoxic activity of CD8
+ T cells. To evaluate the effect of MDSCs on the efficacy of the cytotoxic immune response in the LLC animal model, CD8 + T cell cytotoxic activity was assessed by flow cytometry. CD8 + T cell cytotoxicity towards LLC cells was found to be higher in the MDSC depletion group than that of the control group ( Fig. 4A and B) . This confirmed that MDSC depletion in tumor-bearing mice resulted in functional activation of CD8 + T cells, which, in combination with other factors, results in tumor regression.
These results demonstrated that cancer-conditioned MDSCs may impede the recognition of tumor antigens by CD8 + T cells and impair effector T cell activity in tumor-bearing mice. Furthermore, targeted depletion of MDSCs with Gr-1 therapy may enhance the endogenous anti-tumor immune response.
MDSC culture supernatant promotes proliferation of LLC tumor cells and enhances MAGE-A4 expression.
The correlation between MAGE-A4 antigen expression and MDSC infiltration was further assessed by incubating LLC tumor cells with MDSC supernatant. MDSC supernatant significantly enhanced LLC cell proliferation ( Fig. 5A and B ; P=0.011) and MAGE-A4 expression (Fig. 5C and D) .
Discussion
The present study aimed to address the integrated association between MAGE-A4 expression, MDSC accumulation and clinicopathological characteristics including overall survival, as well as circulating CD4 + and CD8 + T cell levels in LLC tumor-bearing C57BL/6 mice. MAGE-A4 was selected for investigation due to its potential to elicit marked immune reactions (21) . MAGE-A4 is a member of the CT antigen family and is not expressed in normal tissues, other than the testis and placenta. Additionally, high levels of MAGE-A4 expression are detected in lung cancer (22) . This suggests that MAGE-A4 may be an optimal therapeutic target candidate, and the generation of an immune response to MAGE-A4 has previously been investigated (23) . In addition, tumor-specific cytotoxic T lymphocytes (CTLs) recognizing MAGE gene products have been reported, and a large number of CTL epitopes within MAGE proteins have been identified (3, (24) (25) (26) . Furthermore, CTL epitopes within MAGE-A4 have been found to be presented by MHC class I (27) (28) (29) , and an intensive accumulation of CD8 + T cells in the tumor nest has been reported to be correlated with favorable patient prognosis in numerous types of tumor (30) (31) (32) . Theoretically, high expression levels of MAGE-A4 antigen should induce CTLs to infiltrate the tumor site and result in a favorable prognosis. However, in the present study, MAGE-A4 expression was associated with poor survival in tumor-bearing mice. A The term 'cancer' implies at least a certain degree of failure of immunity. Since tumors are self-derived, they benefit from multiple mechanisms of self-tolerance, including immune evasion (35) . Neoplastic cells have additional elaborate mechanisms to subvert antitumor T cell activity, for example the induction of host immunosuppressive cells, including MDSCs and regulatory T cells, and MDSCs have been identified in a variety of human malignancies (36) . Immunosuppression is not limited to the tumor microenvironment, and circulating myeloid cells capable of inducing dysfunctional immune responses have been repeatedly described (37, 38) . Therefore, the levels of circulating MDSCs were evaluated, to determine their effect on MAGE-A4 expression. It was demonstrated that MAGE-A4 expression was upregulated with tumor development, and downregulated with depletion of MDSCs in LLC tumor-bearing mice. However, no direct association was identified between MDSCs and carcinogenesis or other molecules that affect the expression of MAGE-A4 in LLC tumor-bearing mice.
The number of MDSCs in the circulation exhibited an exclusive association with MAGE-A4 expression, and may also be correlated with prognosis. Evidence supporting a role for MDSCs in modulating MAGE-A4 expression is provided by the results of the assessment of LLC tumor cell proliferation, which demonstrated that MDSC supernatant was able to promote the growth of tumor cells and induce increased expression of MAGE-A4. MDSCs secrete multiple factors that may support the growth and survival of tumor cells (39) (40) (41) (42) , and it would be of interest to confirm whether MDSCs secrete soluble factors that regulate MAGE-A4 expression. In further support of this, it has previously been reported that CT antigen expression is association with cell cycle progression and proliferation (43) (44) (45) , apoptosis (13) and susceptibility of cancer cells to cytokines (46) , suggesting that the CT antigen itself may be associated with prognosis.
It is possible that a therapeutic strategy whereby CTLs targeting MAGE-A4 antigens may improve patient outcome (30) . However, the present results demonstrated that the survival of tumor-bearing mice was prolonged following depletion of MDSCs, and the subsequent decrease in MAGE-A4 expression. Therefore, delineation of the mechanisms underlying MDSC expansion and enhanced MAGE-A4 expression in cancer represents an area of significant potential. A number of mechanisms + T cell response. Therefore, combining CT antigen therapy with targeted disruption of MDSCs and additional immune-based strategies may help to harness the full potential of the immune system to recognize and eradicate malignancies.
It is also possible that other cells and cytokines in the LLC environment, for example regulatory T cells and interleukin-6 or transforming growth factor-β (which may be induced by MDSCs), may also contribute to the enhanced expression of MAGE-A4 identified in LLC (22) . Further studies are required to elucidate the direct and indirect regulation of MAGE-A4 expression by MDSCs.
An ideal immunotherapeutic strategy for lung cancer would maximize the therapeutic index by improving antitumor effector immune cell functions, while inhibiting immune suppressor cells. The poor prognosis associated with MAGE-A4-expressing tumors highlights the need for the development of an aggressive therapy for their treatment. On the other hand, thesignificant correlation between MAGE-A4 expression and MDSC accumulation observed in the present study suggests that the spontaneous immune response may be incapable of overcoming their immunosuppressive state to eradicate the established tumor. These findings therefore indicate a novel mechanism of immunosuppression in the tumor microenvironment and provide a clear rationale for targeting MDSCs to enhance immune-based treatment or endogenous immune recognition of cancer.
In conclusion, to the best of our knowledge, the present study provides the first report of an association between MAGE-A4 and MDSCs. The data revealed that MDSCs present within the tumor may function as immunoregulators, which modulate cell signaling pathways in the tumor microenvironment. Additionally, the results demonstrated a critical role for the p-STAT3 705 pathway as a key mediator of immune suppressor cell differentiation (48) and LLC survival. Therefore, immunotherapeutic strategies involving induction of CTLs to target MAGE-A4, in combination with MDSC depletion, may provide an effective approach to cancer immunotherapy.
